The diffusion-weighted signal attenuation of water in rat brain was measured with pulsed-field gradient nuclear magnetic resonance methods in a single voxel under in vivo and global ischemic conditions. The diffusion-attenuated water signal was observed in vivo at b values of 300 ms/gm= (strength of diffusion weighting) and diffusion times up to 400 ms. A series of constant diffusion time (CT) experiments with varied gradient directions and diffusion times revealed a multiexponential decay with apparent diffusion coefficients (ADC) covering two orders of magnitude from 1 to 0.01 gmZ/ms. In a four-exponential fit, the observed changes during global ischemia could be fully explained by changes in the relative volume fractions only with unchanged ADCs. An anisotropy of the ADC, detected at small b values, was not observed for the ADC at large b values, but for the concomitant volume fractions. An inverse Laplace Transform of the CT curves, performed with CONTIN, resulted in continuously distributed diffusion coefficients, for which the term 'diffusogram' is proposed. This approach was more appropriate than a discrete exponential model with four to six components, being related to the morphology of brain tissue and its cell size distribution. On the basis of an analytical, quantitative model, it is suggested that the measured ADC at small b values reflects mainly properties of the restricting boundaries, i.e. the relative volume fractions and the extracellular tortuosity, while the intrinsic intracellular diffusion constant and the exchange time are predicted to have minor influence. 9 1999 Elsevier Science B.V. All rights reserved.
Introduction
Pulsed-field-gradient nuclear magnetic resonance (NMR) methods are widely applicable to assess the diffusion of water and metabolites in biological systems [1, 2] . For clinical diagnosis, especially, diffusionweighted imaging is used to generate a contrast due to differences in the apparent diffusion coefficient (ADC, Dapp) , which is sensitive to detecting some brain pathologies, e.g. brain lesions or cytotoxic edema in a very early stage of stroke [3] . Changes of the ADC during cerebral ischemia are affected by many compartmental properties of brain tissue, i.e. pathological changes of volume fraction and morphology [4] , extra-cellular tortuosity [5] [6] [7] , intracellular restriction [8, 9] , transmembrane exchange [10] [11] [12] , relaxation [13] , and active transport processes [14] , etc. These multiple effects complicate the interpretation of diffusion data and require sophisticated experiments and tissue models to separate their influence on the water diffusion attenuation.
Many different experiments were reported to approach the understanding of the diffusion-weighted contrast in tissue, studies in cell cultures, excised tissue and nerves, animals, and humans. Analytical models and simulations involved multiple compartments, exchange, directional anisotropy, and T= relaxation effects [11, [15] [16] [17] [18] [19] . Important experimental features were gained by measurements depending on the gradient direction (anisotropy of the diffusion tensor) and on the diffusion time (from 5 to 2000 ms), and extending the strength of the diffusion weighting to the largest possible b values [20] [21] [22] [23] [24] [25] [26] [27] [28] . It was shown that the diffusion attenuation in vivo is no longer monoexponential at larger b values, which is connected with structural information and diffusion dynamics in analogy to porous media [8, [29] [30] [31] [32] [33] .
Previous experimental and theoretical work on diffusion modeling was done with perfused glial cells and in rat brain [12, 18, [34] [35] [36] . The concept of 'restricted intracellular water diffusion at permeable boundaries' was able to explain diffusion time dependent data of cell cultures, including the transition from intracellular free to restricted diffusion as well as the water exchange across the membrane [18] . The model and parameters were adapted to the situation in rat brain tissue and combined with the concept of 'extracellular tortuosity'. It then described quantitatively the non-monoexponentiality and the diffusion time dependence of the signal attenuation curves, as well as the absolute value of the ADC at small b values and its decrease during ischemia by changes of the intracellular volume fraction, the extracellular tortuosity, and the intracellular exchange time [12] .
The purpose of the present study was to extend the experimental possibilities and to perform localized diffusion-weighted J H single voxel experiments in vivo at very large b values, at different directions, and at large diffusion times. A multicompartmental behavior of the diffusion attenuation was characterized by a continuous distribution of diffusion coefficients, for which the term 'diffusogram' is proposed. A tissue model was applied to determine the influences on the signal attenuation curves and the apparent diffusion coefficient at small b values. The structural information of the restricting boundaries had to be included therein, i.e. the celI walls and the volume fraction of the accompanying compartments, and its changes during pathological tissue states.
Methods
Male Sprague-Dawley rats (230-280 g, n > 6) were anesthetized with 2% Isoflurane in 60:40% O2:N2 O, and ventilated at physiological conditions. The oxygen saturation, maintained above 95%, was continuously monitored with an IR sensor clipped to the tail (Nonin Medical, Minneapolis, MN). A heated water circuit was controlled by a rectal thermosensor (Cole-Parmer, Vernon Hills, IL) to stabilize the body temperature at 37~ A femoral venous line was used to infuse highdosed potassium chloride for euthanasia, which instantaneously induced cardiac arrest followed by a global cerebral ischemia. The blood pressure and heart beat were continuously monitored by a blood pressure transducer connected to a femoral arterial line.
The experiments were performed with a Varian INOVA spectrometer (Varian, Palo Alto, CA) interfaced to a 31-cm horizontal bore, 9.4 Tesla magnet, which was equipped with an l l-cm actively-shielded gradient insert capable of switching 300 mT/m in 500 gs in x, y, and z direction (Magnex Scientific, Abingdon, UK). The quadrature 400 MHz JH surface coil for r.f. transmit and receive as well as further experimental details were described previously [37] . The localization was performed by a STEAM [38] sequence using a 5 • 2.5 • 5 mm 3 voxel (position shown in Fig. 1) . After careful eddy current compensation [39] , shimming of the first-and second-order shim coils was done with FASTMAP [40] , typically resulting in a 12-13 Hz linewidth of the water resonance. 
Diffusion weighting
To minimize relaxation losses due to 7"2, unipolar gradients for diffusion weighting of the ~H water signal were placed during v in the stimulated echo sequence 9 0~1 7 6 1 7 6 with middle time TM and echo time TE = 2r. The experimental parameters determining the ~H water diffusion attenuation were the gradient duration c~, the gradient strength G, and the separation A of the leading edges of the gradients. The q value was defined as q = (72G2~2), the diffusion time as tD = A -3/3, and the b value as b = q'tD. For Gaussian diffusion, the relation between signal attenuation and diffusion coefficient InS~So=-b.D holds. While keeping TE constant, 7",_ relaxation effects were excluded, but variation of the diffusion time and thereby TM involved an additional attenuation due to T~ relaxation.
